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Minority  Carrier  Lifetime  in  Beryllium-Doped  InAs/lnAsSb 
Strained  Layer  Superlattices 
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Minority  carrier  lifetimes  in  undoped  and  Beryllium-doped  Type-2  Ga-free, 
InAs/InAsSb  strained  layer  superlattices  (SLS)  with  energy  gaps  as  low  as 
0.165  eV  were  determined  from  photoluminescence  kinetics.  The  minority 
carrier  lifetime  of  450  ns  at  77  K  in  the  undoped  SLS  confirms  a  high  material 
quality.  In  similarly-grown  structures  that  were  p-doped  to  Na  =  6  x  10^^  and 
3  X  10^^  cm“^,  electron  lifetimes  of  Tn  =  45  ns  and  8  ns  were  measured.  The 
6  X  10^^  cm“^  doping  level  is  a  factor  of  6  greater  than  the  typical  background 
doping  level  in  long- wave  infrared  (LWIR)  Ga-containing  InAs/GaSb  SLS  with 
similar  bandgap  and  electron  lifetime.  This  suggests  that  LWIR  photodetec¬ 
tors  with  InAs/InAsSb  SLS  absorbers  can  be  designed  with  smaller  minority 
carrier  concentrations  and  diffusion  dark  current  densities.  A  relatively  slow 
decrease  of  the  lifetime  with  doping  suggests  a  minor  role  of  Auger  recombi¬ 
nation  in  the  studied  Ga-free  SLS  at  T  =  77  K  with  p-doping  up  to  mid- 
10^^  cm“^  level. 

Key  words:  MBE,  SLS,  LWIR  photodetector,  InAs/InAsSb,  carrier  lifetime 


INTRODUCTION 

There  is  continued  interest  in  the  development  of 
narrow-gap  III-V  semiconductor  compound  mate¬ 
rials  for  the  fabrication  of  mid-wave  and  long-wave 
infrared  photodetectors.  Type-2  InAs/GaSb  strained 
layer  superlattices  (SLS)  grown  by  molecular  beam 
epitaxy  (MBE)  on  GaSb  substrates  offer  the  impor¬ 
tant  flexibility  of  energy  band  engineering  and  the 
possibility  of  Auger  suppression.^’^  One  can  assume 
that  absorber  layers  in  Ga-containing  type-II  SLS 
structures  are  typically  made  p-type  by  Beryllium 
doping,  and  therefore  that  the  photocurrent  is 
dominated  by  electrons,  since  otherwise  the 
impeded  hole  transport  would  limit  the  detector 
performance.  In  such  structures,  which  had  energy 
gaps  corresponding  to  to  10  ^m  absorption  and  a 
typical  background  p-doping  concentration 
of  1  X  10^^  cm  electron  lifetimes  in  the  range  of 
30-45  ns  at  T  =  77  K  have  been  reported.^"^  As  the 
deliberate  doping  concentration  is  increased,  a  rapid 
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reduction  of  the  electron  lifetime  to  10  ns  was 
observed  for  doping  levels  as  low  as  p-2  x  10^^  cm“^.^ 
The  limited  carrier  lifetime  in  the  p-doped  Type-2 
InAs/GaSb  SLS  is  commonly  attributed  to  the 
Shockley-Read-Hall  (SRH)  carrier  recombination 
through  mid-gap  energy  centers  located  in  the  GaSb. 
Ga  vacancies  or  Gasb  antisite  centers  could  explain 
the  short  carrier  lifetime.^’^^  The  observed  rapid 
reduction  of  the  carrier  lifetime  with  Be  doping 
beyond  the  1  x  10^^  cm“^  level  points  to  the  addi¬ 
tional  role  of  Be-related  centers  in  carrier  recombi¬ 
nation.  Due  to  the  partial  ionization  of  Be  at  liquid 
nitrogen  temperatures,^  Be-derived  neutral  centers 
may  capture  minority  electrons  efficiently.^ 

Ga-free  Type-2  InAs/InAsSb  SLS  grown  on  GaSb 
have  been  studied  recently.  The  renewed 
interest  in  this  material  system  is  due  to  the 
observation  of  an  order  of  magnitude  greater  minor¬ 
ity  carrier  lifetime  in  undoped  InAs/InAsSb  SLS 
compared  to  that  in  InAs/GaSb  SLS.^^’^^  Using  this 
material  system,  a  LWIR  nBn  photodectector  was 
fabricated,  with  a  detectivity  ^  10^^  cmHz^^^/W 
and  a  quantum  efficiency  (QE)  of  2.5%  at  77  K  with 
a  13.2-^m  cut-off  wavelength.^^  The  modest  QE  was 
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attributed  to  the  impeded  minority  hole  transport, 
which  is  in  turn  due  to  the  wide  InAs  layers  and 
therefore  narrow  hole  mini  bands.  We  suggest  that, 
by  changing  the  conductivity  type  from  the  natural 
71-type  background  doping  to  moderate  p-doping,  the 
photodetector  QE  should  not  be  limited  by  minority 
carrier  transport  since  the  electron  miniband,  un¬ 
like  the  hole  mini  bands,  is  sufficiently  wide.  In 
other  words,  the  origin  of  low  QE  in  the  nBn 
structure  generally  results  from  the  low  mobility  of 
holes. 

In  this  work,  carrier  recombination  in  InAs/In- 
AsSb  SLS,  p-doped  to  p  =  6  x  10^^  cm“^“  and 
p  =  3  X  10^^  cm“  ,  was  studied.  At  T  =  77  K, 
minority  carrier  lifetime  values  of  45  ns  and  8  ns, 
respectively,  were  measured.  The  product  of  the 
electron  lifetime  and  background  hole  concentration 
at  both  doping  levels  was  found  to  be  nearly  con¬ 
stant.  This  indicates  the  minor  (if  any)  contribution 
of  Auger  recombination  to  the  electron  lifetime  at 
77  K  in  the  studied  InAsSb/InAs  SLS  with  mid-10^^ 
cm“^  doping  levels. 

High  QE  values  have  been  reported  in  the  devices 
with  InAs/GaSb  SLS  absorbers.  At  the  same  time, 
the  minority  carrier  lifetime  of  45  ns  was  reported 
for  these  materials. This  demonstrates  that  the 
electron  mobility  in  InAs/GaSb  SLS  is  such  that  the 
45-ns  electron  lifetime  is  sufficiently  large  and  is  not 
limiting  QE.  Assuming  similar  electron  mobilities  in 
InAs/InAsSb,  equally  high  collection  of  the  photo¬ 
carriers  should  be  achieved  in  a  Ga-free  SLS. 


HETEROSTRUCTURES  FOR  LIFETIME 
MEASUREMENTS 

All  SLS  structures  were  grown  in  a  Gen-II  MBE 
system  equipped  with  As  and  Sb  crackers.  The 
growth  was  performed  at  the  substrate  temperature 
of  490°C,  measured  with  a  K-space  BandIT  system 
operated  in  pyrometer  mode.  The  growth  rate  was 
1  /im/h.  The  InAsSb  and  InAs  layers  had  the  target 
thicknesses  of  173  A  and  72  A,  respectively.  The 
ratio  of  Sb/As  beam  equivalent  pressures  was  in 
the  range  from  0.13  to  0.16.  The  InAsSb  portions  of 
the  SLS  period  had  Sb  compositions  that  were  var¬ 
ied  in  the  range  from  23.5%  to  26.6%  by  adjusting 
beam  equivalent  pressures  The  SLS  region  was 
1  ^m  thick.  The  other  characteristics  of  the  samples 
are  summarized  in  Table  1. 

The  concentrations  of  free  carriers  in  the  p-doped 
SLS  structures  were  confirmed  by  time-resolved 


photoluminescence  (TRPL)  measurements.  The 
layer  thicknesses  and  Sb-mole  fractions  were 
determined  from  high-resolution  x-ray  diffraction 
data.  Although  the  intent  was  to  produce  samples 
with  the  same  bandgap,  there  were  variations  in  the 
Sb-mole  fraction  that  correlated  approximately  lin¬ 
early  with  the  PL  wavelength,  as  seen  in  Table  1.  As 
and  Sb  beam  equivalent  pressure  ratios  were  care¬ 
fully  set  before  the  growths.  However,  data  logging 
of  the  chamber  background  pressure,  which  is 
dominated  by  As,  showed  some  unintended  varia¬ 
tions  between  growths,  which  correlated  linearly 
with  the  resulting  Sb-mole  fraction. 


EXPERIMENTAL  SETUP 

For  spectral  measurements,  the  photolumines¬ 
cence  (PL)  was  excited  at  1064  nm  by  a  NdiYAG 
laser  operating  in  the  continuous-wave  mode.  The 
excitation  area  was  0.785  mm^.  The  PL  spectra 
were  measured  with  a  Nicolet  Magna-860  Fourier 
transform  infrared  (FTIR)  spectrometer,  operating 
in  either  continuous-scan  or  step-scan  mode  with  a 
14-^m  cut-off  wavelength  external  HgCdTe  photo¬ 
detector.  The  PL  kinetics  were  measured  in  both 
time  and  frequency  domains.  In  the  time  domain, 
the  lifetime  was  determined  from  PL  decay  after  a 
short  pulse  excitation.  In  the  frequency  domain,  the 
lifetime  was  determined  from  the  bandwidth  of  PL 
response  to  a  sine  wave-modulated  continuous-wave 
excitation.  These  approaches  are  referred  to  as  time 
resolved  PL  (TRPL)  and  optical  modulation 
response  (OMR),  respectively. 

The  TRPL  measurements  were  conducted  with 
excess  carriers  that  were  excited  by  a  Q-switched 
NdiYAG  laser  operating  at  1064  nm  with  a  repeti¬ 
tion  rate  of  6  kHz  and  a  pulse  width  of  0.7  ns.  The 
OMR  measurements  were  conducted  with  excess 
carriers  that  were  excited  with  a  fiber-coupled  diode 
laser  operating  at  1.5  /im.  In  both  approaches,  the 
PL  was  collected  by  reflective  optics  and  detected 
with  a  Vigo  10-^m  cut-off,  HgCdTe  detector  with  a 
3-ns  time  constant.  The  laser  emission  scattered 
from  the  sample  surface  was  rejected  with  a  4.5-/7m 
cut-off  wavelength  long-pass  Ge  filter.  The  sample 
temperature  was  stabilized  with  a  closed-cycle  He 
cryostat  system  from  Janis  with  a  M22  cryohead.  A 
ZnSe  window  was  used,  which  had  a  coating  opti¬ 
mized  for  high  transmission  in  the  LWIR  range.  A 
description  of  the  setup  for  OMR  lifetime  measure¬ 
ments  can  be  found  elsewhere. 


Table  I.  Summary  of  sample  designs  and  resulting  wavelengths  and  lifetimes 


Sample 

Barriers 

p -doping 

Sb-x 

Lambda  (micron) 

Tau  (ns) 

Notation 

K1048 

No 

No 

0.235 

6.5 

450 

U1 

K1058 

Yes 

No 

0.235 

6.5 

450 

U2 

K1225 

Yes 

6.E+16 

0.266 

7.7 

45 

PI 

K1226 

Yes 

3.E+17 

0.246 

6.9 

8 

P2 
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PHOTOLUMINESCENCE  SPECTRA 

The  PL  spectra  of  the  structures  with  undoped 
SLS  regions  measured  at  T  =  13  K  are  shown  in 
Fig.  la.  The  excitation  power  was  100  mW,  which 
resulted  in  a  power  density  of  12.7  W/cm^.  This  was 
found  to  be  adequate  in  previous  experiments  for 
determining  the  energy  gap  from  low  temperature 
PL  maxima.  The  PL  intensities  were  similar,  in 
spite  of  the  lack  of  AlSb  confinement  layers  for  Ul. 
The  PL  peak  energies  correspond  to  a  wavelength  of 
6.5  idm  with  a  full- width  at  half-maximum  of 
14  meV,  indicating  high  material  quality.  The 
undoped  structures  have  72-type  background  doping 
and  minority  holes  are  well  confined  within  the 
InAsSb  portions  of  the  SLS  cell,  which  had  suffi¬ 
ciently  high  barriers  to  impede  hole  transport.  The 
slightly  greater  PL  intensity  for  the  structure 
without  AlSb  confinement  layers  could  be  due  to 
different  external  quantum  efficiencies  since  the 
carrier  lifetimes  were  found  to  be  identical. 

The  PL  spectra  for  the  Be-doped  SLS  structures  are 
shown  in  Fig.  lb.  The  structures  were  measured  with 
an  excitation  power  of  60  mW.  The  excitation  power 
density  was  7.64  W/cm^.  The  PL  maxima  at  T  =  13  K 
were  found  to  be  at  7.7  and  6.9  /im  for  structures  PI 
(Sb  composition  of  26.3%)  and  P2  (Sb  composition  of 
24.6%),  respectively.  The  structure  with  higher  Sb 
composition  had  a  correspondingly  longer  PL  peak 
wavelength.  The  FWHM  of  11  meV  for  PI  and 
14  meV  for  P2  are  very  similar  to  that  for  the  undoped 
material  shown  in  Fig.  la.  The  PL  intensity  was 
stronger  for  the  sample  with  the  lower  doping  level,  as 
expected.  The  ratio  of  PL  intensities  for  PI  and  P2  was 
about  5  times,  consistent  with  the  ratio  of  the  back¬ 
ground  doping  as  expected  at  low  excitation  levels. 

TRPL  DATA  AND  DISCUSSION 

The  time-resolved  PL  decays  are  shown  in  Fig.  2 
for  all  four  samples  measured  at  an  excitation  en¬ 
ergy  of  15  nJ.  For  U2,  PI,  and  P2,  the  initial  PL 
intensities,  were  similar.  The  PL  intensity  for  Ul 
was  stronger  than  that  for  U2,  which  correlates 
with  spectral  measurements  shown  in  Fig.  1.  All  PL 
decays  show  a  rapid  response  for  several  ns  followed 
by  longer  decays,  which  can  be  fit  by  an  exponential 
dependence  with  a  time  constant.  The  initial  rapid 
response  was  attributed  to  the  diffusion  of  excess 
carriers  over  the  SLS  region,  followed  by  a  longer 
period  when  the  PL  intensity  is  controlled  by  carrier 
recombination.  The  TRPL  peak  intensity  (/pLmax) 
taken  at  the  beginning  of  the  exponential  recombi¬ 
nation  period  was  measured  in  a  broad  range  of 
pulse  excitation  energies  (Fig.  3).  The  dependence  of 
^PLmax  versus  the  pulse  excitation  energy  in  double 
log  scale  showed  an  expected  change  of  slope.  The 
PL  intensity,  /pp,  is  proportional  to  the  product  of 
the  sum  of  the  equilibrium  and  non-equilibrium 
hole  concentrations  (p  Ap)  and  the  electron  con¬ 
centrations  (An),  /pL  (p  +  Ap)  An.  The  region  at 
low  excitation  energies  corresponds  to  a  low 


Photon  Energy  (eV) 


Fig.  1.  The  PL  spectra  of  Ga-free  SLS  at  13  K.  (a)  Undoped  sam¬ 
ples  with  Sb  compositions  of  23.5%  with  AlSb  cap  (blue  line),  and 
without  AlSb  cap  (black  line).  The  excitation  power  was  100  mW. 
(b)  p-doped  samples  with  Sb  =  24.6%  (green  line)  and  26.3%  (red 
line).  The  excitation  power  was  60  mW  (Color  figure  online). 


injection  recombination  mode  where  the  concentra¬ 
tion  of  excess  electrons  is  small  compared  to  the 
background  hole  concentration  (An  p).  The 
region  with  high  excitation  energies  is  attributed  to 
a  high  injection  (An  >  p)  recombination  mode.  The 
transition  region  between  the  two  recombination 
modes  allowed  us  to  verify  the  background  hole 
concentration  (p)  determined  from  growth  calibra¬ 
tions.  After  accounting  for  reflection  from  the  sam¬ 
ple  surface,  all  photons  were  considered  to  be 
absorbed.  The  initial  excess  carrier  concentration 
was  calculated  from  the  pulse  energy  divided  by  the 
volume  of  the  excited  SLS  region.  For  p-doped 
samples,  a  homogenous  distribution  of  excess  elec¬ 
trons  over  the  recombination  region  was  assumed. 
The  lines  approximating  low  and  high  recombina¬ 
tion  modes  intersect  at  (8-9)  x  10^^  cm“^  for  PI  and 
at  (2-3)  X  10^^  cm“^  for  P2  which  were  fairly  close 
to  the  design  data. 
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Fig.  2.  The  TRPL  spectra  of  Ga-free  SLS  at  13  K.  (a)  Undoped 
samples  with  Sb  compositions  of  23.5%  with  AlSb  cap  (blue  line), 
and  without  AlSb  cap  (black  line),  (b)  p-doped  samples  with 
Sb  =  24.6%  (green  line)  and  26.3%  (red  line).  The  excitation  energy 
per  pulse  was  15  nJ  (Color  figure  online). 


For  the  TRPL  decays  shown  in  Fig.  2,  which  were 
obtained  with  an  excitation  level  of  15  nJ 
(A  =  1064  nm)  per  area  of  8  x  10“^  cm^,  the  expo¬ 
nential  fitting  would  result  in  PL  decay  time  con¬ 
stants  of  25  and  4.5  ns  for  structures  PI  and  P2, 
respectively.  At  this  excitation  level,  the  initial 
excess  carrier  concentration  was  estimated  to  be 
above  6  x  10^^  cm“^.  In  general,  the  dependence  of 
PL  intensity  on  excess  carrier  concentration  is  non¬ 
linear,  liPL)  oc  (An)^.  Using  the  TRPL  approach,  the 
minority  carrier  lifetime  is  obtained  by  multiplying 
the  PL  decay  constant  by  the  coefficient  k.  The 
accuracy  of  the  determination  of  k  limits  the  accu¬ 
racy  of  carrier  lifetime  measurements  by  TRPL.  A 
priori,  the  value  of  k  is  not  known  since  the  kinetics 
of  carrier  capture  to  recombination  centers  can  be 
complicated.  The  value  of  coefficient  k  was  difficult 
to  extract  because  of  excess  noise  at  the  lower  end  of 
excitation  range.  PL  decay  constants  for  excitation 
energies  lower  than  15  nJ  were  not  determined 
because  of  the  high  noise  level.  While  with  long 
averaging  the  PL  peak  intensities  were  determined 
for  excitation  energies  down  to  4  nJ,  the  accuracy  of 
measurements  was  decreasing  with  the  decrease  of 
excitation.  A  trend  of  increase  of  PL  decay  time 
constant  with  decreasing  excitation  was  noticed.  It 
is  reasonable  to  expect  the  PL  decay  constant  to 
continue  to  increase  with  further  decrease  of  the 
excitation.  The  quantitative  measurements  of 
the  minority  carrier  lifetime  were  performed  by  the 
OMR  method,  which  allowed  for  the  determination 
of  the  PL  response  time  constants  under  signifi¬ 
cantly  lower  excess  carrier  concentrations.  The 
reduction  of  noise  was  possible  with  significant 
reduction  of  the  amplifier  bandwidth  from  50  MHz 
in  TRPL  method  down  to  1  Hz  in  the  OMR 
method.  The  latter  was  realized  with  the  use  of  a 


Fig.  3.  The  dependences  of  peak  intensity  from  TRPL  on  the  excess 
excitation  carrier  concentration  at  77  K  for  (a)  the  p  =  6  x  10^®  cm“^ 
structure,  and  (b)  the  p  =  3  x  10"'^  cm“^  structure. 


lock-in-amplifier.  In  the  OMR  approach,  the  PL 
response  signal  is  proportional  to  the  first  power  of 
the  excess  carrier  concentration  since  the  harmonics 
are  filtered  out  by  the  lock-in-amplifier. 

OMR  DATA  AND  DISCUSSION 

The  PL  responses  in  the  frequency  domain  mea¬ 
sured  for  the  four  samples  at  the  same  carrier  gen¬ 
eration  rate  of  1.27  x  10^^  s“^  cm^  at  /I  =  1.5  pm  at 
power  level  1.6  W/cm^  are  shown  in  Fig.  4a.  The 
fitting  in  Fig.  4a  with  a  response  of  a  low-pass  filter 
of  first-order  resulted  in  the  carrier  lifetime  con¬ 
stants  of  45  ns  and  8  ns,  for  samples  doped  at 
p  =  6  X  10^^  cm“^  and  p  =  3  x  10^^  cm“^,  respec¬ 
tively.  The  excess  carrier  concentration  at  this 
excitation  level  was  estimated  to  be  5.7  x  10^^  cm“^, 
and  1  X  10^^  cm“^  for  PI  and  P2,  respectively.  As 
shown  in  Fig.  4b,  c,  the  PL  bandwidth  for  PI  was 
found  to  be  independent  of  excitation  at  lower 
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Fig.  4.  The  OMR  of  Ga-free  SLS.  (a)  Undoped  samples  with  Sb  com¬ 
position  of  23.5%  with  AlSb  barriers  (blue  line),  without  AlSb  barriers 
(black  line),  and  p-doped  samples  with  26.3%  Sb  (red  line),  and  24.6%  Sb 
(green  line),  respectively.  The  excitation  power  density  was  1 .6  W/cm^. 
(b)  The  OMR  of  InAs/lnAsSb  SLS  with  Sb  composition  of  26.3%  at  dif¬ 
ferent  excitation  levels  (black  lines).  The  red  lines  show  the  theoretical 
response  of  the  low-pass  filter  of  the  first  order.  The  excitation  power 
densities  were  0.7,  0.9,  1 .6  W/cm^.  (c)  The  dependence  of  the  PL 
response  time  constant  on  carrier  excitation  rate  (Color  figure  online). 


Fig.  5.  (a)  The  OMR  data  for  the  Ga-free  SLS  with  Sb  composition  of 
23.5%,  and  without  a  AlSb  barrier  at  different  excitation  levels  (black  lines). 
The  red  lines  show  the  fit  with  the  response  of  the  first  order  low-pass  filter, 
(b)  The  dependence  of  the  PL  response  time  constant  on  carrier  excitation 
rate.  The  excitation  power  densities  were  0.02, 0.04, 0.08, 0.09, 0. 1 9, 0.27, 
0.53,  0.54,  0.75, 1 .05, 1 .6,  2.2  W/cm^  (Color  figure  online). 


excitation  power  densities.  It  was  concluded  that  the 
lowest  power  density  was  adequate  for  determining 
the  minority  carrier  lifetime  in  PI,  with  excess  con¬ 
centration  estimated  to  be  2.5  x  10^^  cm“^. 

For  both  samples,  PI  and  P2,  the  accuracy  was 
within  zb  1  ns  at  the  lowest  power  density  used.  For 
sample  PI  with  t  =  45  ns,  this  resulted  in  an  accu¬ 
racy  of  ±2%,  and  for  sample  P2,  with  t  =  8  ns,  the 
accuracy  was  estimated  to  be  within  ±15%. 

In  contrast,  for  the  undoped  samples  U1  and  U2, 
this  power  level  (1.6  W/cm^)  resulted  in  an  underes¬ 
timated  lifetime  of 200  ns.  However,  due  to  the  longer 
lifetime  and  stronger  PL  intensity,  the  OMR  data  for 
undoped  samples  could  be  collected  at  two  orders  of 
magnitude  lower  excitation  level  (Figs.  5,  6).  The 
lowest  excess  carrier  concentration  for  the  direct 
lifetime  measurements  was  estimated  to  be 
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Fig.  6.  (a)  The  OMR  data  for  InAs/lnAsSb  SLs  with  Sb  composition  of 
23.5%,  with  AlSb  cap  at  different  excitation  levels  (black  lines).  The  red 
lines  show  the  fit  with  the  response  of  the  first  order  low-pass  filter,  (b) 
The  dependence  of  the  PL  response  time  constant  on  carrier  excitation 
rate.  The  excitation  power  densities  were  0.02,  0.04,  0.14,  0.27,  0.38, 
0.75,  1 .6,  2.2,  2.8,  3.5,  6.8  W/cm  (Color  figure  online)^. 


7  X  10^^  cm“^.  At  this  excitation  level,  the  minority 
carrier  lifetime  in  the  undoped  samples  was  found  to 
be  independent  of  excitation.  The  measurements 
resulted  in  the  same  lifetime  constant  of  450  ns  at 
T  =  77  K  for  both  undoped  samples. 

SUMMARY 

Electron  lifetime  values  of  45  ns  and  8  ns  were 
measured  at  T  =  77  K  in  Ga-free  InAs/InAsSb  SLS 
structures,  p-doped  to  the  levels  of  6  x  10^^  cm“^ 
and  3  x  10^^  cm“^,  respectively.  Very  good  agree¬ 
ment  was  found  between  the  target  doping  levels 
and  the  numbers  derived  from  TRPL. 

The  product  of  the  carrier  lifetime  and  the  car¬ 
rier  concentration  at  T  =  77  K  was  found  to  be 


nearly  constant,  which  implies  the  minor  role  of 
Auger  recombination  in  a  InAs/InAsSb  SLS  with 
an  energy  gap  of  0.165  eV  and  for  hole  concentra¬ 
tions  up  to  the  mid- 10^^  cm“^  level.  The  decrease 
of  the  lifetime  with  doping  is  likely  attributed  to  an 
increase  of  Be-derived  SRH  recombination  centers, 
since  the  radiative  lifetimes  are  expected  to  be 
much  longer  than  the  measured  data. 

In  this  work,  we  compare  InAs/InAsSb  and  InAs/ 
GaSb  SLS  structures  with  similar  energy  gaps 
(corresponding  to  wavelengths  around  8  pm)  and 
similar  electron  lifetimes  of  45  ns,  and  conclude  that 
such  lifetimes  can  be  achieved  at  considerably 
higher  doping  concentrations  for  the  Ga-free  struc¬ 
ture.  Specifically,  the  same  lifetime  was  achieved  for 
doping  levels  of  6  x  10^^  cm“^  in  InAs/InAsSb  SLS 
compared  to  the  reported  1  x  10^^  cm“^  doping 
level  in  the  InAs/GaSb  SLS.  This  suggests  that 
photodetectors  with  p-doped  InAs/InAsSb  absorbers 
may  exhibit  lower  dark  currents  due  to  a  smaller 
diffusion  component  than  those  made  with  InAs/ 
GaSb  absorbers. 
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